To meet the simultaneous requirement of high sensitivity and high measurement range is an uphill task in the development of fiber Bragg grating (FBG) strain sensor. A unique scheme of highly sensitive FBG strain sensor is proposed based on nonlinear four wave mixing (FWM) with a high measuring range. In this paper, both the edges of FBG reflection spectrum are used without increasing the number of sources. The FWM products generated are tuned to the reflection edges of the FBG. The signals reflected from the edges of the FBG are then utilized in the subsequent FWM process to enhance the sensitivity of the system. The proposed scheme can provide a strain measurement range of 2310 μ with strain sensitivity of 91.21 dBm/nm. Index Terms: Fiber Bragg Grating, four wave mixing, strain sensor, edge filter.
Introduction
Fiber Bragg Grating (FBG) sensors have been widely used for strain measurements due to its main attractive features of high sensitivity, small size, low cost, immunity to electromagnetic interference and multiplexing ability [1] , [2] . However detection of the small wavelength shift information due to strain with FBG sensors is a challenging issue. A proper selection of interrogation scheme is critical to FBG sensor to monitor the small change in strain. In addition to the requirement of high sensitivity and high measurement range, interrogation methods should have the merits of low cost and simple to use. In practical applications, simultaneous attainment of high sensitivity and high measurement range is essential for FBG sensor. High resolution interrogation is usually involved with rather complicated technology [3] , [4] . By preprocessing the FBG structure [5] , [6] sensitivity can be improved. However increased complexity and ineffectiveness are the main limitations of this technique. Thus a simple and cost effective post processing technique is more suitable to enhance the sensitivity. FBG interrogation technique presented so far have atleast one of the following issues; poor resolution or small measurement range. Optical spectrum analyzer (OSA) as a interrogator for FBG sensor has been used widely. However the bulkiness, low resolution, and high cost of OSA limits the application areas of FBG sensors [7] .
In recent years FBG interrogation methods based on matched grating and edge filters [8] - [11] have been realized. In these techniques by detecting the optical power the wavelength shift information can be obtained. However, the above methods come at the expense of small measurement range. Moreover matched FBG interrogation scheme requires the need of many matching FBGs for multiple point measurements [10] . Its dynamic range is also limited by the bandwidths of the two matched gratings. Among the nonlinear processes four wave mixing (FWM) is one kind of important third order nonlinear process in optical fibers, which extend applications in sensors [12] . In the case of standard FWM effect, three optical signals propagate through the optical fiber in the same direction with frequencies, f i , f j , f k and subsequently interact with each other generating a fourth signal with frequency f ijk , where f ijk = f i + f j − f k , with i, j = k [2] . The letters i, j, k represents three distinct channels in a multichannel structure. A new scheme of FBG strain sensor with enhanced sensitivity based on higher order FWM effect has been proposed recently [12] . However it showed a trade-off between measurement range and sensitivity achieved.
In this paper, a unique scheme of FBG strain sensor has been proposed to simultaneously achieve high measurement range (2310 μ ) and high sensitivity(91.21 dBm/nm). In this work, the measurement range is increased by utilizing both the edges of the FBG reflection spectrum in such a way that the ending point of the effective range of one of the reflection edge of FBG is identical to the starting point of the effective range of the other reflection edge of the FBG. The proposed work eliminates the need of additional laser sources, with the FWM products being used as sources to interrogate the FBG. Further the signals reflected from the edges of the FBG are used in subsequent FWM process to enhance the sensitivity of the system.
Principle
When light from laser source is tuned to one of the edges of the reflection spectrum of the FBG, the power obtained through convolution between the output of a narrowband laser and the FBG reflection spectrum is given by [12] :
where λ G and λ G are the central wavelength and FWHM of the FBG reflection spectrum respectively. λ L and λ L are the central wavelength and FWHM of the laser source respectively. I 0 is the light intensity at central wavelength λ L and R 0 is the peak reflectivity of FBG at central wavelength λ G . The reflected signal from FBG (P 1 ) when combined with another signal P 2 of constant power and propagated through nonlinear fiber, the FWM products are generated. The power of the higher order FWM products increases much more compared with the signal reflected from the edge of the FBG and the lower order FWM products. The power of the FWM product can be expressed as [12] : where P 2 is the power received directly from the laser source, q is the order of mixing product and λ = λ G − λ L is the change in wavelength due to strain. Comparing eqn (1) and (2), it is observed that the power of qth order FWM product (P q1 ) increases (q + 1) times with respect to the signal power(P 1 ) reflected from the edge of the FBG. The power of the higher order FWM products with the application of strain can be obtained from eqn (2) and (3) . In this work the FWM products generated initially due to combination of the laser sources are used as sources to interrogate the FBG. The signals reflected from the edges of the FBG reflection spectrum are then combined with the corresponding laser sources to form the FWM products for augmenting the sensitivity.
Proposed Setup Configuration
The configuration of the proposed setup of the high strain resolution FBG sensor system is shown in Fig. 1 . The light from the laser 1(L1) and laser 2(L2) of wavelength 1544.2 nm and 1548.3 nm respectively with power 12 dBm are combined and launched into the highly nonlinear fiber (HNLF1). The HNLF1 has nonlinear coefficient of 20.4 W − 1 /km and zero dispersion wavelength of 1550 nm. The intense interaction between the signals from the laser sources generate higher order FWM products in HNLF1. The output of the HNLF1 is routed to the apodized chirped FBG. The FBG used has a chirp parameter of 3.2 nm and length 10 mm. The first order FWM products generated at 1540.1 nm and 1552.4 are located at the two edges of FBG reflection spectrum. After filtering, these first order FWM products are combined with the corresponding laser sources (i.e, FWM product at 1540.1 nm is combined with L1 and FWM product at 1552.4 nm is combined with L2) and launched into respective HNLF 2 and HNLF 3 to further produce higher order FWM products. The power of the corresponding sixth order FWM products are measured. The HNLF 2 and HNLF 3 employed has same nonlinear coefficient as that of HNLF 1 and are used for enhancing the sensitivity.
Results and Discussion
The FBG is designed in such a way that the ending point of the effective range of one of the reflection edge of FBG is identical to the starting point of the effective range of the other reflection edge of the FBG. The FWM products generated in HNLF 1 is shown in Fig. 2 . The first order FWM signals at 1540.1 nm and 1552.4 nm denoted as F1 and F2 are used as sources tuned to the FBG reflection edges. The signals F1 and F2 are filtered and combined with the laser sources L1 and L2 respectively.
In the proposed scheme, initially the central wavelength of the chirped FBG is at 1544.85 nm as shown in Fig. 3(a) .The signal F1 is located at the highest level of the linear zone of the FBG reflection edge (left) whereas F2 signal is not in the linear zone of the other FBG reflection edge (right). On increasing strain on the FBG, the signal F1 shifts downward resulting in decreased power. The reflection spectra of the FBG at central wavelength 1546.25 nm is shown in Fig. 3(b) . At this point, the signal F1 has reached the endpoint of the linear zone of FBG reflection edge while F2 signal is at the starting point of the linear zone of the other FBG reflection edge. In this case the power level of both F1 and F2 signals are same. On further application of strain, the signal F1 is dislodged from the linear zone whereas power of signal F2 increases and reaches the highest point of the linear zone at FBG central wavelength of 1547.65 nm as depicted in Fig. 3(c) . Due to the interaction between signals F1 and L1 the sixth order FWM product is obtained at 1515.5 nm. Similarly the combination of the two signals F2 and L2 generates the sixth order FWM product at 1577 nm. The sixth order FWM product is utilized to cover the maximum range of measurement with high sensitivity. The power of the FWM products at 1515.5 nm and 1577 nm are measured with optical power meter. The power of the signal at 1515.5 nm decreases as power of the signal F1 decreases while the power of the signal at 1577 nm increases with the increase of F2 signal power.
The FWM products generated in the HNLF 2 and HNLF 3 due to the interaction of the signals between L1 and F1 and between L2 and F2 are depicted in Fig. 4 and 5 respectively. Furthermore it is observed from the Fig. 6 that the power of the sixth order FWM product changes much more rapidly compared to the reflected signal power from the FBG. The power of the signal reflected from the left edge of the FBG(F1) and the corresponding sixth order FWM product is measured in the wavelength range 1544.85 nm-1546.25 nm, whereas the power of the signal reflected from the right edge of the FBG (F2) and the corresponding sixth order FWM product is measured in the wavelength range 1546.25 nm-1547.65 nm. Thus a total wavelength shift of 2.8 nm (1544.85 nm-1547.65 nm) is obtained which indicates that a strain of 2310 μ can be measured (the strain sensitivity of the FBG is 1.212 pm/μ ).
Strain sensitivity of the signal reflected from the edges of FBG is found to be 13.18 dBm/nm whereas strain sensitivity of the sixth order FWM product is observed to be 91.21 dBm/nm. It is observed that the change in power of the sixth order FWM product is enhanced by a factor of seven compared to the signal reflected from the FBG.
Conclusion
A simple and unique interrogation scheme is proposed that can simultaneously achieve high sensitivity of 91.21 dBm/nm and wider range of strain measurement of 2310 μ based on higher order FWM effects. In this work both the edges of the FBG reflection spectrum is used with FWM products serving as sources to interrogate the FBG. The signals reflected from the edges of the FBG are utilized in the succeeding FWM process for enhancing the sensitivity. The results show that the measurement range of strain attainable with this configuration is doubled to that using single reflection edge of the FBG while maintaining high sensitivity. The proposed scheme can also be used to design multiplexed FBG sensors where the FWM products can be used as sources to interrogate each FBG. In the FBG interrogation methods based on matched grating and edge filter, an increase in measurement range is accompanied with decrease in slope which in turn decreases the sensitivity and vice versa. The proposed sensing system eliminates this trade-off between high sensitivity and high measuring range and should be useful in strain sensing application requiring a high resolution as well as higher measuring range.
